Abstract
Pyroclastic density currents (PDCs) are one of the most dangerous phenomena associated with explosive volcanism. To help constrain damage potential, a combination of field studies, laboratory experiments, and numerical modeling are used to establish conditions that influence PDC dynamics and depositional processes, including runout distance. The objective of this field trip is to explore field relations that may constrain PDCs at the time of emplacement.
The PDC deposits from the May 18, 1980, eruption of Mount St. Helens are well exposed along the steep flanks (10-30° slopes) and across the pumice plain (5-12° slopes) as far as 8 km north of the volcano. The pumice plain deposits represent deposition from a series of concentrated PDCs and are primarily thick (3-12 m) , massive, and poorly sorted. In contrast, the steep east-flank deposits are stratified to crossstratified, suggesting deposition from PDCs where turbulence strongly influenced transport and depositional processes.
The PDCs that descended the west flank were largely nondepositional; they maintained a higher flow energy and carrying capacity than PDCs funneled through the main breach, as evidenced by the higher concentration of large blocks in their deposits. The PDC from the west flank collided with PDCs funneled through the breach at various points along the pumice plain. Evidence for flow collision will be explored and debated throughout the field trip.
Evidence for substrate erosion and entrainment is found (1) along the steep eastern flank of the volcano, which has a higher degree of rough, irregular topography relative to the west flanks where PDCs were likely nonerosive, (2) where PDCs encountered debris-avalanche hummocks across the pumice plain, and (3) where PDCs eroded and entrained material deposited by PDCs produced during earlier phases of the eruption. Two features interpreted as large-scale (tens of meters wide) levees and a large (~200 m wide) channel scour-and-fill feature provide the first 1 Department of Geosciences, Boise State University. 2 Instituto de Geología, Universidad Autónoma de San Luis Potosi (Mexico). 3 Earth and Atmospheric Sciences, Georgia Institute of Technology. 4 U.S. Geological Survey.
evidence of self-channelization within PDCs sustained for minutes to tens of minutes (total volume of deposits is ~0.12 km 3 ; area covered is ~15.5 km 2 ; Rowley and others, 1981) . Our ability to interpret the deposits of PDCs is critical for understanding transport and depositional processes that control PDC dynamics. The results of extensive work on the
Introduction
Our ability to interpret the deposits of pyroclastic density currents (PDCs) is critical for understanding the transport, erosional, and depositional processes that control PDC dynamics. We will use the May 18, 1980, pyroclastic density current (PDC) deposit characteristics to interpret and discuss the transport and depositional mechanisms within the depositional (basal) region of the currents that produced them. The excellent exposures at Mount St. Helens also allow us to explore the influence of surface roughness, substrate erosion, and self-channelization as they are recorded in the PDC deposits and to assess the influence of these factors on current mobility and runout distance. The objective of this field trip is to explore field relations that can be used to constrain PDC conditions at the time of emplacement. Field discussions will result in new ideas and hypotheses to test using experiments and numerical modeling.
Physical-Intensity-Level Disclaimer
Access to the sites in this field guide requires excellent physical fitness and the ability to hike long distances (12 to 20 km roundtrip each day for three days). The terrain is rough (boulderstrewn drainages and steep talus slopes) and there is often no shade. The steepest part of our hikes climbs ~350 m over a distance of 1.75 km to enter the eastern part of the crater.
Brief Eruptive History of Mount St. Helens
Mount St. Helens has been the most active volcano in the Cascade Range during the last 4,000 years. D.R. Mullineaux and D.R. Crandell established the general eruptive history of Mount St. Helens in the 1960s-1980s through their extensive studies of the tephra deposits found around the volcano. They recognized that the eruptive history was episodic, grouped the tephras into "sets" of similar age and composition (Mullineuax, 1996 , and references therein) that they described as a series of eruptive stages and periods, and correlated some of the lava flows, domes, and fragmental deposits (Crandell, 1987) . Radiocarbon dating provided some geochronologic control, but Crandell and Mullineaux's work was hindered by the lack of preserved tephras older than ~60 ka, because these had been removed by glaciation. Thus the findings of Mullineaux and Crandell suggested that Mount St. Helens was about 40,000-50,000 years old.
New geologic mapping, aided by argon geochronology, paleomagnetic directional data, and additional radiocarbon chronology, established that Mount St. Helens had a much longer eruptive history than recognized by Crandell and Mullineaux (Clynne and others, 2008 , and references therein). A variety of deposits and rocks as old as 272,000 years were discovered beneath younger deposits and in lahars. Table 1 presents the results of both Crandell and Mullineaux's seminal work and the refinements added by new mapping and chronology. All dates provided below are summarized in Clynne and others (2005) .
The Mount St. Helens lavas are particularly difficult to date by the Ar-Ar method (Layer and Gardner, 2001 ). In addition to being young, they generally have low K 2 O and often contain excess argon in inherited crystals (Clynne and others, 2008) . In general, more dating has tended to extend the stages and close the gaps (dormant intervals) between them, and additional chronology is likely to continue to refine these intervals. The eruptive history reported by Crandell and Mullineaux emphasized the major Plinian eruptions of the volcano for which it is famous, but each of those eruptions was followed by a significant period of less explosive and effusive activity. Brief descriptions of each stage and period follow. Note that capital letters refer to sets (for example, Set Y); whereas, lowercase letters refer to layers within a set (for example, Yn).
Ape Canyon Stage
During the Ape Canyon stage, Mount St. Helens produced a variety of quartz-bearing biotite and (or) hornblende dacites and Set C tephras. These are found as glaciated remnants beneath younger rocks on the southwest flank of Mount St. Helens. The oldest and most prominent of these is Goat Mountain (272±1 ka). Most dated Ape Canyon rocks are found as clasts in lahars in the Lewis River valley or in glacial deposits. Ape Canyon stage rocks found as lithic clasts in younger Plinian deposits and an 84.2±21.9-ka dacite exposed in the crater floor indicate that Ape Canyon stage rocks underlie the present edifice. Zircon, as old as ~500 ka in some of the Ape Canyon rocks, suggests that volcanism or intrusion at Mount St. Helens began well before 272 ka (Claiborne and others, 2010) .
Cougar Stage
During the Cougar stage, Mount St. Helens produced a variety of hypersthene-hornblende dacite domes, pumiceous pyroclastic flows, Sets K and M tephras, and at least two andesite lava flows. A large debris avalanche dated at ~24.5 ka on the southwest flank of the volcano blocked the Lewis River. The debris avalanche was immediately followed by emplacement of several cubic kilometers of pumiceous pyroclastic flows. Breaching of the blockage released large breakout lahars down the Lewis River. The 0.75 km 3 Swift Creek andesite lava flow on the south flank was the largest in Mount St. Helens history. Olivinebearing inclusions in a Cougar stage andesite lava flow found in Pine Creek mark the first unambiguous appearance of a mafic component in the Mount St. Helens magmatic system.
Swift Creek Stage
During the Swift Creek stage, the widespread Sets S and J tephra were erupted, and three extensive fans of fragmental debris were emplaced on the flanks of Mount St. Helens from hypersthene-hornblende dacite domes. The Crescent Ridge fan on the west to northwest flank was derived from the Crescent Dome, which is preserved on the west flank. Swift Creek stage domes exposed in the east crater wall may have been the source of the Cedar Flats fan on the northeast to southeast flank of the volcano and in the Lewis River valley. The source of the Swift Creek fan on the south flank is unknown. Most fan material originated as block-and-ash flows, but much material in the distal parts of the fans was remobilized as lahars. Details of the Swift Creek stage are still not well known, but subtle differences in the lithologies suggest that the three fans represent three discrete periods of eruption between about 16 and 10 ka.
Spirit Lake Stage
The Spirit Lake stage is the youngest stage of Mount St. Helens and is the most studied interval of the eruptive history, because it is well exposed and dated. The Spirit Lake stage is divided into seven eruptive periods separated by short noneruptive intervals (table 1): (1) Smith Creek period, ~3,900-3,300 yr B.P.; (2) Pine Creek period, ~3,000-2,550 yr B.P.; (3) Castle Creek period, 2,025-1,700 yr B.P.; (4) Sugar Bowl period, ~1,050 yr B.P. (eruptive age range unconstrained, although paleomagnetic studies suggest a short eruptive period); (5) Kalama period, 1479-~1725 C.E.; (6) Goat Rocks period, 1800-1857 C.E.; and (7) . The Smith Creek period began around 3,900 yr B.P. with eruption of several early Set Y tephras. Yn erupted ~3,500 yr B.P., and Ye, another large Plinian event, erupted at ~3,350 yr B.P. Pyroclastic flows, lava domes, and lahars were emplaced after each of the major Set Y events. A fan of fragmental material on the north flank formed ancestral Spirit Lake.
During the early Pine Creek period, Mount St. Helens erupted an extensive series of dacite domes and tephra Set P, followed by a later series of andesitic lava flows, pyroclastic flows, lahars, and tephras Bh and Bo. Pine Creek age dacite domes are exposed in the 1980 crater walls and extensive fans of lithic pyroclastic material and associated lahars are present in Pine Creek and Castle Creek drainages. Two small debris avalanches resulted from collapses of Pine Creek age domes. Damming of Spirit Lake by one of these fans or avalanches resulted in huge lake-breakout lahars in the lower Toutle River valley. The dacitic phase of the Pine Creek activity took place over most of the interval between ~3,000 yr B.P. and 2,550 yr B.P. At about 2,550 yr B.P., the dacitic activity was followed by tephra Bh, abundant andesite lava flows and tephra Bo, and more basaltic andesite to andesite lava flows and lahars. Much of the andesitic fragmental material seen in the 1980 crater walls was erupted during a short interval beginning around 2,550 yr B.P.
The Castle Creek period was the most complex and compositionally diverse period of the Spirit Lake stage. Compositions from dacite to basalt erupted over an ~325-yearlong period between ~2025 and ~1,700 yr B.P. in three phases: early, middle, and late. The early phase was primarily dacitic and includes the Northwest Dome and Dogs Head dacite domes and pumiceous and lithic pyroclastic flows, several andesite/dacite lava flows (Redrock Pass and North Rim), and tephra Bi, all probably deposited in the interval ~2,025-1,990 yr B.P. Deposits of the middle Castle Creek period are confined to the south flank of the volcano. This phase was initiated by eruption of basaltic tephra Bu 1 and followed by three units of mafic lava flows: basalts and basaltic andesites of the south flank, pre-Cave Basalt and basaltic andesite, and Cave Basalt. These eruptions took place shortly before and at ~1,895 yr B.P.
During the late Castle Creek period, Mount St. Helens erupted eight (possibly nine) units of basalt to andesite on the north and east flanks of the volcano. In order of eruption, these are (1) andesite of section 26, (2) basaltic andesite of Truman Trail, (3) tephra Bu 2 and basalt of the north flank, (4) andesite of the Plains of Abraham, (5) andesite of Sasquatch Steps, (6) tephra Bu 3 and basalt of Castle Creek, (7) basaltic andesite of Nelson Glacier, and (8) andesite of Loowit Creek. The Baguette flow, a pyroxene andesite of uncertain age on the southwest flank, is compositionally similar to andesite of Sasquatch Steps and may be related to the late Castle Creek period. These eruptions took place between ~1,895 yr B.P. and ~1700 C.E. Four radiocarbon ages for units (5) and (6) above range from 1,795±30 to 1,730±35 yr B.P., and paleomagnetic directional data suggest that this period of volcanism was short. Late Castle Creek period lava flows cap parts of the modern crater rim. During the Sugar Bowl period, at least three dacite lava domes erupted: Sugar Bowl dome, East Dome, and West Dome. A small lateral blast and tephra layer D were associated with emplacement of Sugar Bowl Dome. The Sugar Bowl period was probably short lived and occurred from ~1,050 to ~1,000 yr BP. The Kalama period is described as three phases of activity-early, middle, and late-that are correlated with Sets W and X and layer z tephras, respectively. The early Kalama phase began with a major dacitic tephra eruption, Wn. Activity continued for several decades and included dacite dome growth, another major dacite tephra (We in 1482), and a number of smaller tephra eruptions and pyroclastic flows. The middle Kalama phase began ~1505 C.E. and included a number of small explosive events (andesitic pyroclastic flows and Set X tephras), lava flows, and lahars. These were followed by eruption of an extensive set of andesite lava flows (Worm Complex and related lava flows) probably around 1545-1550 C.E. The late Kalama phase saw the growth of a large andesite/dacite Summit Dome that formed the upper part of the volcano prior to 1980. Growth of the Summit Dome probably began ~1650 and, during its formation, abundant lithic pyroclastic material and lahar deposits were emplaced on the flanks of the volcano. Magmatic growth probably ended by ~1725, but some flanks of the volcano experienced continued lahar activity as late as 1885 (Yamaguchi and Hobblit, 1995) .
The Goat Rocks period includes eruption of dacitic Set T tephra in 1800, emplacement of the Floating Island andesite lava flow, in 1801, and growth of the Goat Rocks dome from ~1830 to 1857. In conjunction with emplacement of the Goat Rocks dome, repeated small hot collapse events built a large fan of lithic pyroclastic material.
The modern eruptive period includes the precursory, 
Pre-Pumice Plain Field Trip Stop
On our way to Windy Ridge we will stop to explore a few of the pre-1980 eruptive products at Stratigraphy Viewpoint.
Day 1: From Portland, Oregon, to Stratigraphy Viewpoint Stop (Driving; fig. 1 
)
The road log is in miles, consistent with signage in the United States. The hiking log is in kilometers to be consistent with units of scientific research.
Note: Mount St. Helens National Volcanic Monument provides a map showing National Forest Roads, trails, and amenities (see fig. 2 ). It can be downloaded at http://www. fs.usda.gov/main/giffordpinchot/maps-pubs; choose Mount St. Helens overview map.
• From Portland, take Interstate 5 (I-5) north into Washington.
• Take Exit 21 for Washington Highway (Hwy) 503 east toward Woodland and Cougar.
• Turn right onto Hwy 503 south (Lewis River Rd.)
• In 31.6 miles, continue onto National Forest Road NF-90.
• Drive 3.2 miles, and then turn left onto NF-83.
• Continue driving on NF-83 for 10.9 miles, and then park at parking lot on left (just before the bridge crossing the Muddy River).
Stratigraphy Viewpoint-Description, Stratigraphy, Ages, and Importance
The following text is adapted and modified from Clynne (2003) . At this stop we will walk across the Muddy River channel to see a section of pyroclastic deposits that were exposed by a lahar generated by the 1980 eruption. The ages and types of deposits are schematically depicted in figure 3A . This outcrop exposes a nearly 16,000-year record of the eruptive history of Mount St. Helens ( fig. 3 ; from Doukas, 1990) . Layers include deposits from lahars and dilute pyroclastic currents, alternating with deposits from concentrated pyroclastic currents, fallout tephra, and lava flows that traveled down the Muddy River-Pine Creek fan (for more details, see Mullineaux, 1986 Mullineaux, , 1996 . Note that this river-bank exposure is affected annually by winter floods and the quality of the exposure varies from year to year.
The lahar area is underlain by a fan of Pine Creek age lithic pyroclastic flows. The Muddy River two pyroxene andesite lava Elevations are in feet 
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Day use ONLY. flow overlies the Pine Creek deposits and is also exposed in the river bank. The Muddy Creek andesite contains about 59 weight percent SiO 2 and contains large, nearly unzoned equilibrium phenocrysts. It has a Pine Creek paleomagnetic direction and is lumped as one of the late (2,550 year old) Pine Creek andesites.
Before 1980, the surface was composed of late Kalama lahars. In this area, the Kalama lahars contain the same Mount St. Helens lithologies (rock types) as the 1980 lahar and can be distinguished only by the presence of 1980 pumice in the young deposit and the lack of older vegetation growing on it. However, this distinction must be made with caution, because 1980 fallout pumice is also present on the surface of both the older and younger lahars. • Drive southwest (back the way we came) on NF-83 back to ).
• Turn left on NF-90, and drive for 36.9 mi to NF-99. • Turn left on NF-99, and drive 10.5 mi to the Cascade Peak parking lot.
• Accompany field trip leader to the Mount St. Helens Institute Field Camp, which is behind a locked gate ( fig. 1 ).
Events of May 18, 1980
The May 18, 1980, eruption of Mount St. Helens began at 08:32 local time with collapse of the north flank, which resulted in the largest debris avalanche in recorded history (2.5 km 3 ; details in Criswell, 1987) . The debris avalanche deposited decameter-sized hummocks across much of the pumice plain ( fig. 4 ) and as far as 23 km down the Toutle River.
The debris avalanche was immediately followed by the lateral blast, triggered by rapid decompression and expansion of gas within the cryptodome beneath the collapsed edifice (Kieffer, 1981; Fisher, 1990) . The lateral blast deposited pumice up to 20 km north of the volcano, destroying 600 km 2 of land and old growth forests. The crater and north side of Mount St. Helens were reshaped and eroded down to bedrock by the initial debris avalanche and lateral blast (Christiansen and Peterson, 1981; Rowley and others, 1985) .
A Plinian eruption commenced shortly thereafter, with an eruption column that reached 18 km into the atmosphere ( fig. 4A ). About 12:15, ~4 hours into the eruption, the column began to collapse, generating PDCs that traveled northward through the breach (Phase III of Criswell, 1987;  fig. 4B ). (Criswell, 1987) . D, Lidar map of the Mount St. Helens crater north through the pumice plain, with overlay showing interpreted flow paths and slopes of the topography (modified from Rowley and others, 1985 PDCs became more voluminous through Phases III and IV of the eruption, and began to wane during Phase V (table 2; fig. 4 ). PDC deposits are found within the crater (inner crater deposits), along the flanks (proximal bedded deposits or PBD), and throughout the pumice plain ( fig. 4C ) to a maximum distance of 9 km north of the vent. The eruption ended about 18:15 local time. Table 2 gives the sequence of phases and deposits at Mount St. Helens on May 18, 1980, based on previous work. The original extent of the PBD along the flank, as mapped by Rowley and others (1985) , extended 100 m above the post-eruption crater floor along Sugar Bowl dome and down along the east flank, where slopes range from 10 to 30° (figs. 4 and 5) . PBD were <6 m thick where found above the crater floor ( fig. 5B ) and up to 20 m thick along the east flank (west of and below Sugar Bowl dome; fig. 5C ). The PBD transition into the pumice plain deposits along the middle to the base of the flank (figs. 5D and 5E), where an increase in the size and proportion of lithic clasts was also noted. Small, ≤4-m-thick patches of PBD were also found along the 26° slope west of the breach. The western slope has significantly less surface topographic irregularities (for example, slot canyons) than the flank east of the breach, which Rowley and others (1985) suggest may have influenced the location and rate of deposition.
The thickest deposits from the afternoon PDCs are found throughout the pumice plain ( fig. 4C ) and comprise four primary flow units. These units, found across the entire pumice plain, are briefly described here; a more detailed account can be found in Brand and others (2014 Criswell, 1987) . Only the voluminous PDCs that traveled through the north breach and across the pumice plain, and the correlated PDC unit, are listed. Column height and mass flux estimates from Carey and others (1990) and Andrews and Gardner (2009) . Modified from Brand and others (2014) . PDC, pyroclastic density current; N/A, not applicable. 
Terminology and Methods
Lithofacies terminology is adapted from Branney and Kokelaar (2002; table 3) . We use the term "sustained" to represent collapse or fountaining of the column over an extended period of time (minutes to tens of minutes). Waxing or waning at the vent during PDC production, and unsteady and variable conditions during transport and deposition of the PDCs, are expected over the duration of sustained PDC activity. F2/F1 represents the fines ratio for PDC deposits; the ratio is used to determine the degree of fines depletion or fines enrichment (where F2 ≤0.0625 mm and F1 ≤1 mm). Following the findings of Brand and others (2014) , PDC deposits from the afternoon of the May 18, 1980, eruption with F2/F1 ≤0.1 are fines-depleted, F2/F1 ≤0.15 are fines-poor deposits, F2/ F1 between 0.16-0.31 are fines-normal, and F2/F1 ≥0.32 are fines-enriched.
The statistical method of Pollock and others (2016) is used to determine if the PDCs entrained lithic blocks from the paleo-substrate along the steep flanks of the volcano or from the debris avalanche deposits. The method assumes that the lithic population in the coarsest fall deposit from the May 18, 1980, eruption, correlated with the climactic, PDC-producing phase, is an acceptable proxy for the initial distribution of vent-derived clasts during the column-collapse, PDC-generating phase of the eruption. Lithic componentry was completed for the fall deposits and PDC deposits along the flanks and throughout the pumice plain. For each sample, 100 lithic blocks (>64 mm) were collected, identified, and classified into one of the four recent eruptive periods (3 ka-present): Goat Rocks, Kalama, Castle Creek, and Pine Creek (see Hausback 2000 , for a description of the lithologies). The average of three sampled fall deposits is used to represent the vent-derived clast population.
The componentry of PDC deposits is compared to that of the fall deposits using the Chi-square test for homogeneity (for example, Eisenhart, 1935) . This method determines the statistical likelihood of the PDC lithic population having the same source as the fall deposits (vent erosion) or the likelihood that lithics were entrained from a second source (volcano substrate). A P-value represents the probability of obtaining a higher Chi-square value than the one calculated, if both samples are derived from the same parent population (see Pollock and others, 2016 , for method details). A significance level of 0.05 distinguishes between samples that are likely to contain locally entrained blocks and those that do not. P-values >0.05 indicate that the distribution of lithic lithologies in the PDC sample is consistent with only those derived from vent erosion. P-values <0.05 indicate that the population of lithics in the PDC sample consists of both vent-derived clasts and locally entrained clasts from the substrate.
Mount St. Helens PDC Flow Units
The descriptions in this section are adapted from others (2014, 2016) and Mackaman-Lofland and others (2014) . Figure 6 shows locations of each outcrop and field stop.
Units I and II are correlated with the first voluminous PDCs generated during eruptive Phase III, when PDCs "poured through the breach" (table 2; fig. 4 ; Criswell, 1987) , and are interpreted to have filled in and around the debris avalanche hummocks scattered across the pumice plain. In proximal regions, both Units I and II are dominantly diffusely stratified and (or) diffusely crossstratified lapilli tuff, suggesting transport and deposition under highly unsteady conditions where basal conditions varied from low to somewhat higher basal shear stress, resulting in periods of traction transport and (or) granular flow boundary conditions. Evidence for traction transport is interpreted as a consequence of variability in surface roughness and irregularities and in unsteadiness within the currents. In contrast, the distal deposits of Units I and II are dominated by massive lapilli tuff, suggesting a shift to more concentrated conditions with lower boundary shear stress (relative to upstream current conditions). The change in conditions is interpreted as the result of current compaction due to increased sedimentation with distance from source.
Units I and II thicken with distance from the source, suggesting portions of the currents bypassed more proximal locations to deposit the bulk of the sediment distally. Pumice lenses are common in both units and increase in size and abundance distally, suggesting efficient segregation processes within the aggrading currents. Units I and II are largely finesdepleted up to 6 km from the source and fines-normal to finesenriched to their distal exposures up to 8 km from the source. The fines pattern suggests elutriation was a dominant process across much of the depositional region, but fines became progressively trapped in the basal portions of the currents as flows compacted during transport. Pumices within the deposits are completely rounded within a kilometer of the base of the volcano; thus, ash added by comminution is considered negligible for the increase in fines with distance from the source (compare with Dufek and Manga, 2008) . PDC Units III and IV are correlated with the climactic, most voluminous phase of the eruption (Phase IV, table 2), where "numerous, large" PDCs were observed to spill over the crater rim, engulfing the volcano and reaching Spirit Lake (Criswell, 1987) . Both flow units are composed of lithic tuff breccias, lithic block-rich massive lapilli tuffs, and massive lapilli tuff (figs. 7 and 8). Lithic blocks are primarily derived from crater widening and entrainment of clasts from the debris avalanche hummocks across the pumice plain (Pollock and others, 2016) , suggesting the flows traveled up and over topography, as well as between debris avalanche hummocks. Deposits of Units III and IV are also mapped along and beyond the west flank of the volcano, suggesting the currents took multiple flow paths from the initiation of column collapse (breach and flanks).
Facies label Lithofacies
The pronounced lithic breccias found at the base of the flow unit boundary in Unit III suggest segregation of the block-sized accidental lithic clasts (referred to simply as lithics, hereafter). However, weak to negligible apparent fabric, dominantly fines-normal to fines-enriched deposits, and weak evidence for pumice or ash segregation (for example, lack of pumice lenses) in Unit III suggest mLT was transported and deposited from a highly concentrated, fluidized current with suppressed size-density segregation (compare with Druitt, 1995; Druitt and others, 2007) . In contrast, the massive nature of Unit IV, accumulation of lithic blocks at the basal flow boundary, fines-depletion up to medial locations (up to 5.3 km), and abundant pumice lenses suggest transport and deposition from a concentrated, fluidized current where size-density segregation occurred. Evidence for size-density segregation suggests a current that was less concentrated relative to the PDCs responsible for Unit III. • From Cascade Peak parking lot, turn left on NF-99 and drive 5.6 mi to the Windy Ridge Viewpoint parking lot ( fig. 1 ). We will pass through the (locked) gate on the south side of the parking lot.
Start of Road and Trail Log with Stop Descriptions
• After passing through the gate, we will drive 2.0 mi down a gravel path to the main trailhead at the base of the ridge (gravel road is marked as Trail 207 on the National Forest Service trail maps).
Trail log changes from driving (miles) to hiking (kilometers)
• Continue on foot along Trail 207 for 2.3 kilometers (km).
• Turn left at the junction onto Trail 207A ( fig. 6 ).
• Hike 1.4 km, then turn right on Trail 216 at the next junction.
• Hike for 0.6 km and stop along the trail.
• Turn north to hike down the drainage (drainage C of Brand and others, 2014); continue 0.3 km to outcrop C-1.
Notes
• Coordinates for all stop locations are found in table 4.
• Outcrop exposures are affected annually by erosion, and the quality of the exposure varies from year to year. Outcrop C-1 is located 4.8 km from the vent and cut parallel to flow direction ( fig. 9 ). The base of the exposed Unit IV sequence at outcrop C-1 begins with a finesdepleted basal mlBr (table 3) , which grades vertically and laterally into fines-depleted dsLT to mLT. Blocks range from 0.64 to 1.2 m in their longest dimension and are composed of accidental lithics including basalt, andesite, dacite, and rhyodacite. Weak imbrication is observed; the long axes of the blocks are roughly parallel to the inferred depositional surface. The block-rich region is 3.5 m at its thickest (the base is not exposed at this location) and is 23 m in length. The blocks decrease in size vertically and splay at an upward, 15° angle in the downstream direction before diffusing into dsLT to mLT. The basal mlBr grades vertically and laterally into dsLT and mLT.
The breccia at the base of the sequence suggests deposition from a density-stratified PDC that segregated dense blocks toward the base of the current (for example, Macías and others, 1998; Branney and Kokelaar, 2002) . Lithic lithology indicates the vent as the primary source of the accidental lithic clasts ( fig. 9 ). The massive, fines-depleted nature of the breccia suggests deposition from a fluid-escapedominated flow boundary. However, the weak fabric suggests some influence of flow-boundary shear stress within the basal region of the current (Branney and Kokelaar, 2002) . The massive nature of the surrounding mLT suggests deposition by a concentrated flow, with rapid deposition and relatively lower boundary shear stress. The fines-poor nature of mLT suggests that elutriation was efficient and, thus, that sedimentation fluidization was an important particle-support mechanism in the depositional region of the current.
Stop 2: Outcrop C-3
Outcrop C-3 is located 0.5 km downstream from outcrop C-1. Flow direction for this outcrop is left to right; the exposed deposits are mapped as Unit III, although the lack of continuous exposure prevents conclusive identification of the flow unit. Facies within the outcrop vary from mLT to mLTbl. A striking, downstream-elongated, wave-like structure was exposed for the first time during the summer of 2016 ( fig. 10A) . Here, the mLTbl is bounded by mLT, with the wave-like feature extending and fading into the mLT. We interpret the feature as a shear-induced flame structure, similar to the lab-created structures of Rowley and others. (2011) .
Stop 3: Outcrop B-2
Outcrop B-2 is on the backside of outcrop C-3. Flow direction for this outcrop is right to left; the exposed deposits are mapped as Unit III, although the lack of continuous exposure prevents conclusive identification of the flow unit. We see several stacked lithic breccia layers (fig. 10B) ; the bottom breccia is ungraded to weakly reverse graded, while the upper 2-3 layers are distinctly reverse graded and diffusely stratified (dsBr). The Although faint, a series of downstream-elongated wave-like structures, similar to the one at outcrop C-3 but smaller, tighter, and within mLT, are exposed higher in the section (Box 1, fig. 10B ). These features are also interpreted to represent shearing at the flow-boundary interface as the PDC deposits aggraded. Several large hummocks and debris-avalanche deposits are exposed just to the southeast of outcrop B-2a. A small, paleovalley is filled with PDC deposits (outcrop B-2b), interpreted to have flowed down the west flank and between the hummocks. Componentry of the PDC deposits, just above the debris avalanche contact, indicate significant local erosion (P-value of 2 × 10 -7 ). While it is possible that the lower-most, primarily massive breccia at outcrop B-2a was derived from the paleovalley to the southeast, the stratification, grain alignment, and higher P-value of the upper breccia(s) (P-value = 0.69, consistent with a vent-derived source) in outcrop B-2a indicate a flow direction perpendicular to the paleovalley. Thus, it is unclear if the flows down the paleovalley collided with the currents that traveled through the main breach or if they stopped short of the outcrop exposure.
Stop 4: Outcrop B-3
• Hike 1 km down the drainage to outcrop B-3.
Outcrop B-3 is located 5.22 km from the vent and directly adjacent to a set of large (>50 m tall) debris-avalanche hummocks ( fig. 6 ). The outcrop is oriented roughly N. 60° W., somewhat parallel to flow direction. A massive, block-rich, debris-avalanche hummock is exposed at the base of the outcrop ( fig. 11) . The contact between the hummock and overlying PDC deposits is angular and dips 25-35° to the northeast, implying a wedge-shaped geometry of the PDC deposits against the side of the hummock. As exposed, the contact between the hummock and PDC deposits undulates (contact between gray and white units in fig. 11 ), with troughs spaced ~2-3 m apart.
A thin (<10 cm thick), fine-grained, well-sorted massive tuff (facies mT) is found within some of the troughs. The source of the ash is unresolved but may be related to reworked co-ignimbrite ash from the lateral blast. The dissimilarity of mT relative to the underlying debris avalanche and overlying mLT deposits further suggests that mT was deposited after emplacement of the hummocks and before the beginning of the PDC-producing eruptive phase.
The PDC deposits begin with a relatively continuous mLT to dsLT transition that varies in thickness from 3 m to only a few centimeters, where it pinches out along higher points of the debris avalanche hummock (fig. 11) . The contact between the mT in the troughs and the overlying mLT is characterized by shear-induced flame structures (elongated in the interpreted downstream direction) that extend to the northwest ( fig. 11C ). The contact between the mLT and the debris-avalanche hummock elsewhere is sharp.
The mLT has a gradational contact with overlying mlBr. The mlBr on the south side of the outcrop is 5 m thick, reverse graded, and predominately clast supported and contains blocks up to 1.6 m in diameter. Lenses of mLT can be found within mlBr. To the north, the mlBr layer thins to <1 m; it is laterally discontinuous up to 15 m to the north, has a wavy appearance, and has fabric bordering on diffuse stratification due to coarse grain alignment (mlBr f ). The contact between mlBr f and the uppermost mLT is gradational. The mLT layer is up to 6 m thick, continuous across the entire outcrop, and contains occasional blocks up to ~10 cm in diameter.
Componentry of lithic-rich mlBr indicates the blocks were primarily derived from the vent ( fig. 10 ). Diffuse stratification in the lower mLT region suggests high shear at the base of the current, possibly enhanced by the irregular topography of the debris-avalanche contact. Shear is further noted by the flame structures along the contact of mT and mLT ( fig. 11C ), suggesting a primary flow direction along the same strike as the outcrop. The high proportion of blocks suggests the exposure contains deposits from Unit III; however, direct correlation with a distinct unit is not possible in this location due to lack of continuous exposure.
Day 3: Stop 5, Outcrop C-4
We will return 0.3 km up the drainage (almost directly east of outcrop B-3) to view outcrop C-4. The outcrop is ~5.3 km from the source. Two convex breccia lenses are exposed along the outcrop, interpreted as Unit IV due to the contact with the later June flows (fig. 12A ). The entire feature is ~58.5 m across; the wavelength of the western convex breccia is 27.5 m, and the eastern convex breccia is 31 m. A potential third convex lithic breccia is just starting to appear a few meters farther to the east, but it is not yet exposed well enough to be confident of its morphology. The trough between the two well-exposed lithic breccias is 33 m wide and 1.7 m deep and is filled with mLT ( fig. 12A) .
The convex lenses are interpreted as levees, with the flow direction into (and slightly oblique to) the outcrop. The nature of the flat contact between Units III and IV and the lack of obvious topographic influence upstream from this location further suggests that the levee depositional features at this location are a consequence of flow self-channelization where the nonuniformity of a flow spreading across a low-sloping fan develops zones of faster moving flow axes known as thalwegs (for example, Imran and others, 1998; Branney and Kokelaar, 2002) . Levees can form as the result of (1) buildup of coarse material along the sides of a thalweg as deposition occurs in lateral static zones along channel margins (Félix and Thomas, 2004) and (or) (2) increased friction along the outside of the flow behind the flow head and rotation of the velocity vector from the downslope direction along the center of the thalweg to the transverse direction toward the channel margins (Mangeney and others, 2007) .
Regardless of the mechanism of formation, the lithic levees suggest self-channelization within the PDC that produced Unit IV. We interpret that each strata within the levees represents a different time surface as the current flowed and the deposit aggraded, which suggests deposition from a sustained but locally unsteady current. The thick, block-poor mLT fill between the levees and the thin mLT overlapping the levees suggests that these lithofacies were deposited during the waning phase of the Unit IV PDC. The thinning of mLT over the levees is evidence that the later flow overtopped the levees and that the surface roughness and levee features affected and partially channelized the waning phases of the current.
Stop 6: Outcrop D-4
Outcrop D-4 is 0.24 km northwest of outcrop C-4 ( fig. 6 ). The outcrop is ~5.5 km from the source. Two convex breccia lenses at the base of Unit IV (figs. 12B, 12C, and 13) closely resemble those found at outcrop C-4. The similarity in morphology suggests they represent a downstream cross section through the same levee system.
The western convex lens is ~55 m in wavelength and is composed of lithic breccia with crude fabric. The eastern levee is 82 m in wavelength, although several smaller, convex, imbricated lenses within the eastern portion may explain the longer wavelength relative to the western levee. The two main convex lithic breccias are separated by a 45-m-wide trough of mLT. Measurements taken from the center of the trough at both outcrops C-4 and D-4 indicate a flow direction of N. 30° W., which coincides with the mapped flow direction on the Kuntz and others (1990) map. The P-value of the eastern levee is 0.03, which is below but still near the confidence interval of 0.05. This observation suggests that, while some substrate entrainment likely occurred as the flows passed through the breach, there was not significant enough erosion to cause exceptionally low P-values. Therefore, we interpret that the levees developed independently 
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Median Sorting Figure 13 . Vertical granulometric profiles of median (P50), sorting, and block-to-matrix (B/M) ratio for enlarged area delineated in figure 12B . LROG data illustrates the granulometric differences and the change of granulometric trends between the different units.
of interaction (for example erosion) with complex topography (Pollock and others, 2016) .
Stop 7: AD-1
Outcrop AD-1, the first outcrop past the C-D drainage convergence ( fig. 6 ), is located ~0.12 km west-southwest from outcrop D-4. The dominant flow direction is parallel or slightly oblique to the outcrop shown in figure 7 . Unit I is exposed at the base of outcrop AD-1, which is located 5.7 km from the source. It is present as fines-depleted dxsLT capped with a thin (<50 cm) layer of fine-grained, massive ash ( fig. 7) . It is 2.6 m thick at this location, although the base is not exposed. Unit I has a sharp contact with Unit II. Unit II is characterized as 2.2-to 3.6-m-thick, fines-depleted, reverse-graded dsLT. Coarse-grained, poorly sorted lensP is common in both units. Unit II is locally capped by a 20-to 50-cm-thick layer of fine-grained, massive ash ( fig. 7C) .
The stratified nature and fines-depleted deposits of Units I and II suggest conditions in the depositional region of the PDCs ranged from a semi-fluidized, granular flow boundary to a traction-transport, flow-boundary zone (Branney and Kokelaar, 2002) . Basal shear stresses were high enough to form distinct, albeit poorly developed, stratification. Turbulence may have locally been an important particle transport mechanism in the current responsible for Unit I as evidenced by the diffuse cross-stratification at outcrop AD-1. The laterally continuous nature of the fines-enriched mT capping Units I and II suggests deposition from the waning tail of a PDC, a coignimbrite ash that settled after the PDC ceased, or some combination of the two processes ( fig. 7C) .
Unit III at outcrop AD-1 is the 5-to 7-m-thick, block-rich, poorly sorted mLT bl-f . The first ~3 m of Unit III displays reverse grading of lithic blocks. The largest five lithic blocks range from 40 to 70 cm in their longest dimension. The blocks have weak fabric and appear to splay at 13-17° to the north (figs. 7 and 8). Meter-scale, convex lithic lenses (lenslBr) with strong fabric and stratification are common. The lithic lenses produce a discontinuous but wavy surface across the outcrop, which is capped by finer-grained mLT ( fig. 7B, letters a, b, and c) .
Unit IV is a massive, poorly sorted, variably lithic, block-rich unit that is 3.5-4 m thick. Reverse grading and fines-depletion are found within the lower 2.8 m, overlain by normal grading with an average amount of fines toward the top of the unit (figs. 7A, 7B, and 8). The five largest blocks range from 21 to 36 cm in their longest dimension; the average grain size of blocks is ~20-25 cm. However, unlike Unit III, the lithic blocks lack fabric and do not accumulate as lenslBr. Unit IV is capped by a thin veneer of the June 1980 PDC deposit ( fig. 7) .
The massive, poorly sorted, fines-normal nature of the deposit suggests rapid deposition from a PDC with a concentrated basal region. However, the block fabric in Unit III at outcrop AD-1, as illustrated with the thin dashed lines in figure 7B , suggests some influence of basal shear stress. Thus, the flow boundary for the PDC responsible for the deposition of Unit III at outcrop AD-1 is interpreted as a semi-fluidized, high-concentration flow.
Similar to Unit III, Unit IV at outcrop AD-1 was likely deposited by a concentrated current with rapid sedimentation and relatively low basal shear stress with minor fluctuations toward a granular flow boundary, as evidenced by the predominantly massive nature and weak to nonexistent fabric. The normal grading suggests deposition from a waning current. The range from fines depleted to fines normal suggests that the process of elutriation, likely due to sedimentation fluidization, continued to occur this far from the source within the basal region of the current. This marks the farthest lateral extent of fines depletion found within Unit IV.
Many of the contacts between Units III and IV at outcrops AD-1 through AD-3 are indistinct or completely unrecognizable. In general, the diffuse or indistinct flow boundaries are interpreted to reflect variable erosion and shear-derived mixing with the earlier flow deposits (for example, Calder and others, 2000; Rowley and others, 2011) . The most striking example of completely erased flow boundaries occurs where outcrop AD-1 transitions from the east side of the outcrop, where flow contacts are somewhat recognizable, to a thick wall of mLT Bl on the west side of the outcrop, where evidence for flow boundaries between Units II, III, and IV are not apparent.
Note on the map in figure 4E that the currents depositing on the west side of outcrop AD-1 were likely traveling from southeast to northwest (from the breach), but parts of the currents were also following a flow path down the west flank. We interpret that the lack of distinct flow boundaries is due to increased frictional forces at the bed, because the upstream break in slope is from 10° to <5°, which affected the portions of the current traversing the west flank (figs. 5 and 6; Sulpizio and Dellino, 2008; Sulpizio and others, 2008) . The break in slope likely caused shear-derived mixing, followed by rapid deposition from the basal region of the current, resulting in massive deposits that lack clear flow unit boundaries (Kneller and Branney, 1995; Giordano, 1998; Branney and Kokelaar, 2002; Pittari and others, 2006; Sulpizio and others, 2008) . The lack of flow boundaries is important to consider when studying PDC deposits with limited exposure, because a section could easily be misinterpreted as the consequence of a single sustained current rather than multiple currents with amalgamated flow contacts.
Stop 8: Outcrop AD-2a
• Hike 0.8 km downstream, staying inside the drainage, to outcrop AD-2a.
Note: Recent erosion between 2014 and 2015 exposed deposits from the lateral blast along the drainage on the way to AD-2a. Blast deposits are distinguished by the presence of prismaticjoined dacite blocks, which represent the crytodome material. Outcrop AD-2a is located 5.63 km from the vent and north of a series of debris-avalanche hummocks ( fig. 6 ). The south side of the outcrop exposes one of the debris-avalanche hummocks in contact with PDC deposits to the north (fig. 14) . The contact between the debris avalanche and PDC deposit is sharp and has an apparent dip that varies from nearly vertical to 45°. PDCs deposited on the north side of the debris-avalanche hummock likely traveled around it from both sides, potentially colliding (see fig. 4E for flow-direction interpretations, based on Brand and others, 2014).
Outcrop AD-2a contains a variety of mLT and mlBr, including lenses and layers that vary both laterally and vertically. The lowermost portion of the outcrop is composed of a light-toned mLT (figs. 14D and 14C, region A), which has a fairly sharp contact with the overlying, slightly darker mLT bl ( fig. 14D and 14C, region B; contact best exposed on north side of outcrop). Region B is in contact with the debris-avalanche hummock on the south side of the outcrop and contains a variety of lithic block concentrations that vary across the outcrop. Near the base of region B is a layer of semi-continuous, poorly developed lenslBr that varies in thickness from 0.1 to 3 m (figs. 14D, sample S4). Lithic blocks in the lenses are up to 0.7 m in diameter and have no obvious preferred orientation. Above lenslBr on the south and middle portions of the outcrop is a variable-thickness mLT bl . To the north, the basal block-rich layer grades laterally into mLT bl , where the lithics are more evenly dispersed ( fig.14D, region B , sample S6).
Above the region B, mLT in the northernmost part of the outcrop is region C, a thick mlBr f that thins to the south and eventually disappears (figs. 14A and 14B, sample S7). The region B breccia is up to 5 m thick, normally graded, and displays weak fabric due to grain alignment toward the base, where the largest blocks are up to 0.6 m in diameter. The breccia is overlain by the region D block-poor mLT that varies in thickness from 0.1 to 3.5 m (figs. 14A and 14B). The mLT extends to the south where it pinches and swells before completely pinching out below the block-rich accumulation of region E.
In region E, mlBr f is ~5 m thick and 30 m long and continues across the small drainage that cuts up through the center portion of the outcrop (figs. 14A and 14B, sample S5). The block accumulation shows weak imbrication and thins and bends upwards to the north, where it overlies mLT of region D and lenslBr of region C. Lithics in the region E block-rich facies are up to 0.9 m in diameter. Below the southernmost portion of the region E lithic accumulation, the contact with the underlying mLT (region D) undulates; the overlying block-rich facies of region E appears to sink downward into the underlying mLT. The southern margin of the block-rich accumulation of region E is a steeply dipping contact with a relatively block-poor mLT (region F). This mLT extends to the south and overtops the debris avalanche hummock, eventually thinning and disappearing at the far southern extent of the outcrop.
The chaotic assemblages represented in outcrop AD-2a are likely the consequence of collision between PDCs that simultaneously traveled across the west flank and through the breach. The lack of flow-unit boundaries suggests shear-derived mixing was important at this location as well, likely due to higher shear at the base (indicated by the block fabric) and mixing between currents as they collided. Block accumulations (figs. 14A and 14B) have P-values that vary from very low (<0.001; samples S6, S7) to relatively high (0.17; sample S5), indicating a mixture of lithic blocks eroded from the vent and from upstream hummocks. The larger, vent-derived lithic block accumulations are interpreted as a consequence of the flows along the west flank maintaining a higher flow competence than those that traveled through the breach (due to fewer breaks in slope and a shorter, unobstructed and relatively smooth flow path). Because we cannot determine the exact upstream source of the locally eroded lithic blocks, it is not possible to determine over what distances eroded material was carried before depositing at outcrop AD-2a. The undulating appearance at the base of many of the lithic breccias is likely a result of loading and deformation of the underlying deposits by mlBr above.
Stop 9: Outcrop AD-3
• Hike 0.7 km downstream, staying inside the drainage, to outcrop AD-3.
Outcrop AD-3 is a 400-m-long outcrop oriented north-south, exposing Units I-IV ( fig. 6 ). Flow direction was roughly into the outcrop from the southwest (figs. 4D and 4E). The contact between Units I and II is distinct and serves as a stratigraphic marker across the outcrop (figs. 15A and 15B). The contacts between Units II-III and III-IV are indistinct, suggesting erosion and amalgamation of later currents with earlier current deposits.
A notable feature in outcrop AD-3 is a small phreatic crater, located on the south side of the outcrop ( fig. 15 ). The explosion crater is rimmed by a thin veneer of cross-stratified, base-surge deposits (type of dilute PDC), which were generated by the phreatic explosion and extend over a few tens of meters away from the rim. The crater is filled with a lahar deposit and capped with wind-blown ash. Two additional explosion craters are just beginning to be exposed on the north side of the outcrop. One is at the Unit I-II flow boundary contact, and the other is cropping out through Unit IV.
Note that Unit I in this location is 13 m thick, although the base is not exposed. It is also more massive than the stratified deposits found in Unit I at outcrop AD-1. The pumice lenses are coarser, thicker, and more abundant. Wave-or flame-like structures that extend toward the north are present just to the right of the explosion crater ( fig. 16A ) and are interpreted to represent shear-induced deformation at the depositional boundary and a flow direction of roughly south to north.
Unit II is 8 m thick but truncated by the Unit III flowboundary contact on the north side of the outcrop, which is the beginning of a 200-m-wide, broad, scour-and-fill feature (figs. 15 and 16) . The scour occurs at the contact between Units II and III, where the PDC responsible for Unit III was first erosional, scouring down through Unit II, then depositional, filling the scour with mLT and mlBr. The scour contains Units III and IV, which extend toward the north side of the outcrop and are oriented with a dip towards the center of the feature ( fig. 17) .
The first 2-3 m of Unit III (within the scour) is mLT, which transitions abruptly into 0.3-to 1.8-m-thick, lithic, block-rich mlBr, which extends 60 m along the south side of the scour toward the axis. The five largest blocks within the scour, which are composed solely of lithics, range from 69 to 100 cm in their longest dimension; the average grain size of blocks is ~82 cm (figs. 17 and 18). Blocks appear weakly oriented and their longest (apparent) axis is parallel to the bedding plane. The block-rich region abruptly grades into normally graded mLT with <2 percent blocks (figs. 15 and 17) , which thins away from the center of the feature.
Unit IV overlies Unit III within the scour; a sharp and erosional contact is present between Unit IV and Unit III. Unit IV is up to 3.5 m thick; however, the top may not be fully preserved. The base of Unit IV is distinguished by a 0.62-to 2.25-m-thick concentrated zone of lithic blocks (mlBr). The average block size at the base of the massive breccia ranges from 0.20 to 0.40 m and fines upward to an average block size of 0. 12-0.15 cm (figs. 17 and 18) . The five largest blocks range from 70 to 95 cm in their longest dimension. Like the lithic breccia in unit III, the blocks, composed solely of lithics, are weakly oriented and their longest apparent axis is parallel to the bedding plane ( fig. 17) .
The block-rich region shows normal grading and a slight reverse grading at the top of the concentration towards the center of the scour and is overlain by mLT ( fig. 17) . The outer channel deposits to the south contain elongated lensP, and diffuse strata that dip 2-3° away from the axis of the channel ( fig. 17 ) are interpreted to be the result of the upper portion of a density stratified current that overtopped the channel margins, depositing the less dense (lensP) and finer-grained material. The diffuse contact between Units III and IV outside of the channel is interpreted to be the result of amalgamation (for example, Calder and others, 2000; Rowley and others, 2011) . Note also the presence of wave-or flame-like structures that extend toward the north, just outside the left margin of the channel ( fig. 16B ). This is interpreted as a shear-induced flame structure, similar to those described at outcrops C-3 and B-2a, and indicates a flow direction parallel to the outcrop. Thus, multiple flow directions are likely for this location as well (see flow lines in fig. 4D ).
Outcrop AD-3 represents the medial-distal outlet of the currents that traveled through the breach and (or) along the northwest flank. The PDC responsible for Unit III carved a large, wide channel into the Unit II deposits. This is an example of self-channelization where the current spreading across the flat pumice plain developed zones of higher flow energy, causing the flow to preferentially channelize and erode into the underlying substrate. Within the channel, the deposits begin with mLT, suggesting the erosive current eventually became depositional and progressively filled the channel as the concentrated current continued to pass. The abrupt increase in vent-derived blocks (mlBr; see high P-values in fig. 17 ) with no obvious break in deposition suggests an increase in mass flux and lithic material at the vent (for example, Branney and Kokelaar, 2002) . The outsized blocks relative to nearby Unit III and IV deposits suggest that channelization of Unit III allowed the current to transport larger blocks farther from the source. The sharp interface between mlBr and overlying mLT in both Units III and IV suggests a sharp density gradient between the large, dense blocks that segregated to the base of the flow and the overlying mixture of gas, ash, and lapilli (pumice, lithic). The fabric observed in mlBr, where the blocks are oriented with their longest apparent axis parallel to the bedding plane, suggests granular flow-boundary conditions; whereas, the lack of fabric, poor sorting, and fines-normal nature of mLT suggests deposition from a concentrated basal region of the current with rapid sedimentation and lower basal shear stress relative to conditions that deposited the breccias.
Stop 9 to Trailhead
• Hike 3.5 km east until you intersect Trail 207 ( fig. 6 ). Due to the biology plots scattered across the pumice plain, the group must either stay within elk tracks or within drainages until reaching the trail.
• Follow Trail 207 for 3.2 km south, staying left at the one split in the trail, to the base of Windy Ridge (trailhead at base of parking lot). fig. 1 ). We will pass through the (locked) gate on the south side of the parking lot.
Trailhead to Loowit Falls
• Take Trail 216 from the junction just past the parking lot.
• Hike 1.3 km to split in trail, then continue west (right) on Trail 216E.
• Hike 2.25 km to Loowit Falls, Stop 10.
Loowit Falls to Flank Deposits
• From Loowit Falls, return along Trail 216E for 0.8 km to (UTM 563858 E., UTM 5119720 N.).
• Turn south (right) and hike directly upslope for 0.4 km to Stop 11 (UTM 563668 E., UTM 5119331 N.).
• Continue 0.6 km upslope to Stop 10 (UTM 563369 E., UTM 5118802 N.).
• Return to Trail 216E by hiking downslope to north.
• Hike Trail 216E back to trailhead, staying right at the fork.
Stop 10: Proximal Bedded Deposits (PBD)
For bedforms in the proximal bedded deposits (along steep flanks), form height refers to the thickest part of the bedform crest (often referred to as wave height). Wavelength is the distance between successive crests; form length is the horizontal distance between the first stoss side to the last lee side expression. Form length was also recorded, because consecutive bedforms were not always exposed to measure wavelength.
The following description comes from Brand and others (2016) . The upper flank PBD deposits are primarily composed of stratified and cross-stratified deposits that create large-scale dune bedforms and small-scale, subsidiary dune bedforms. Regressive dune bedforms, which are low-angle, broad bedforms with thick, well-developed strata on the stoss side and generally thinner strata on the lee side (figs. 19A and 19B) , are found on depositional slopes of 10-28°. Isolated bedforms have form lengths from 2 to 15 m and form heights from 0.5 to 5 m. Where found, consecutive bedforms had wavelengths from 2 to 8 m (no longer exposed). Cores of regressive dune bedforms with steeply dipping backset bedforms are truncated on the stoss side by steeply upflow-dipping truncation surfaces (from 30° up to an extreme of 68°) with a sigmoidal shape. A series of well-developed, thick, upflow-stacking beds, also sigmoidal in shape, are found upstream and have accumulation lengths up to 15 m (figs. 19A and 19B) . These steeply dipping backset beds are only found on slopes of 15-26°.
Progressive dune bedforms, low-angle, broad bedforms with thick, well-developed strata on the lee side, are found on depositional slopes of 12-16°. Isolated bedforms have form lengths from 2 to 14 m and form heights from 0.4 to 2.5 m. Where found, consecutive progressive bedforms have wavelengths from 3 to 7.6 m.
We interpret that portions of the concentrated afternoon PDCs were funneled between Sugar Bowl dome and a topographic high to the east then accelerated and thinned as they descended and spread across the steep slope (Brand and others, 2016) . The concentrated basal region of the current(s) thinned until the overriding turbulence strongly influenced transport and deposition, and the basal region behaved as a bedload at the base of a dominantly supercritical, turbulent flow that marked a major change in current dynamics.
The high surface roughness along the flanks suggests that mechanisms for autofluidization described by Roche (2014, 2015) , where an upward air flux results from substrate interstices as flow particles settle between grains, may have been important for the May 18, 1980, PDCs descending the steep flanks. The experiments of Bareschino and others (2008) demonstrate that increased velocities resulted in flow-front instabilities and "plunging breakers," where the upper portion of the current head extends beyond the basal region (overhanging) and collapses as an avalanche, resulting in substantial entrainment of ambient air. Given evidence for thinning of the current and interaction with irregular topography along the east flanks, plunging breakers could be another source of air entrainment.
Evidence for supercritical flow conditions (high flowregime bedforms) also suggests that entrainment of ambient air would be important along the steep flanks, further influencing flow dynamics (Bursik and Woods, 1996) . Flow criticality is governed by the ratio of the inertia forces over gravitational forces, which is represented by the Froude numbers (Fr), Fr=Ug′h,
where (2) U is velocity and h is the flow depth.
Reduced gravity is accounted for using the following equation: (3) where g is the gravitational acceleration, β is the bulk density of the current, and α is the density of the atmosphere.
Studies in open channel flow show that progressive bedforms develop under subcritical conditions where Fr <1, and regressive bedforms develop under supercritical conditions where Fr >1 (Blatt and others, 1980) . Thus, in addition to simple thinning of the basal region of the current, expansion of the currents due to autofluidization and ambient air entrainment also likely served to change flow behavior from that of concentrated PDC conditions to relatively dilute, turbulent PDC conditions, as described above.
The generally fines-normal PBD suggest that comminution of pumice and the addition of fine ash kept up with elutriation. Comminution is further supported by the subangular to subrounded nature of the pumice, which suggests that pumice clasts were in a state of active but incomplete rounding upon deposition along the steep flanks. Comminution can result in a significant increase in the fines proportion (Dufek and Manga, 2008; Manga and others, 2011; and references therein) and is the most likely explanation for the fines-normal nature of the PBD.
Componentry was measured following the methods of Pollock and others (2016) in two locations at Stop 11 (figs. 19D and 19E) . Both samples are enriched in Castle Creek andesite, which is exposed in the canyon directly upstream, and have P-values <<0.05, providing statistical evidence for upstream substrate erosion in both bed sets. These findings are consistent with the results of Bernard and others (2014) and Calder and others (2000) , who find that substrate erosion is promoted at slopes of ~25° (former) and in the presence of topographic obstacles or constrictions (latter).
The largest blocks of andesite of Castle Creek found in each sample range from 8 to 29 cm in their longest direction. The theoretical approach of Roche (2015) demonstrates that, for a dilute, turbulent PDC traveling across a 10° slope, the largest dense lithic that can be entrained is 18 cm (for densities of 2,000-3,000 kg/m 3 ). However, the simplifying assumptions in Roche (2015) break down for the PBD, because the surface roughness is significant (greater than a single clast diameter) and the current is not fully dilute. Regardless, the larger entrained blocks found along the flanks of Mount St. Helens suggest that dilute PDCs with concentrated basal regions are capable of entraining dense lithics up to 29 cm on slopes >25°. 
Stop 11: Transitional Deposits
The PBD grade laterally (downslope) into less-stratified, massive deposits along the middle to lower flanks of the volcano (transitional facies; figs. 6 and 19D) , ultimately grading into the main facies deposits of the eastern pumice plain ( fig. 5E ). This pattern likely reflects that, as flow energy decreases with distance and decreasing slope, the sediment supply from the upper portions of the current would increase, resulting in a thickening of the concentrated basal underflow. Thickening of the concentrated basal region due to increased sedimentation from the suspended load would suppress or eliminate the influence of turbulence from the overriding current. If the current has a high proportion of fines, as was the case for the May 18, 1980, PDCs, the basal region of the current may transition to a fluidized PDC with high internal pore pressure (for example, Roche and others, 2010) . In addition, the ratio of the resisting stress to driving stress will increase as the slope decreases. Thickening of the underflow region and a decrease in slope would also result in a partial redirection of momentum flux per unit area (Iverson and Denlinger, 2001) , effectively decreasing basal shear stress and increasing normal-bed frictional forces at the flow-deposit contact (Sulpizio and Dellino, 2008; Sulpizio and others, 2008) . These conditions would promote deposition and offer an additional explanation for the thickening of deposits and lack of bedding features along shallow slopes.
Discussion Points
As pyroclastic density currents with abundant fines compact during flow, permeability within the current reduces to such a degree that high internal pore pressure is sustained, allowing the currents to behave as highly mobile, fluid-like flows (for example, Roche, 2012) . To what extent must the pore pressure diffuse to initiate deposition? Do fluidized currents with high internal pore pressure transition to granular flows where the influence of interstitial fluid is negligible, or can they deposit while the interstitial fluid is still present to buffer particle-particle interaction?
The first point of discussion is the role of fluidization and high internal pore pressure in PDCs with a high percentage of fines. The following evidence suggests that the May 18, 1980, afternoon PDC deposits at Mount St. Helens retained gas within the pore space, even after deposition:
• Soft-sediment deformation, caused by loading of lithic blocks over finer-grained deposits (for example, figs. 11A and 14A), is interpreted to represent the fluid-like and easily deformable nature of the deposits.
• A high proportion of fines, interpreted to suggest that elutriation became negligible in the basal portion of the current due to compaction during transport, would result in lower rates of pore-pressure diffusion.
• A lack of distinct, well-developed grain fabric (typical of granular flow), even in the distal regions, is interpreted to suggest that, while intergranular friction may have increased just before deposition, the interstitial gas remained to buffer interactions, preventing the flow from passing to a granular flow regime where the role of interstitial fluid was negligible.
• Numerous secondary breakaway PDCs occurred after the currents came to rest. Secondary PDCs occurred on slopes of 5-6° (Kuntz and others, 1990) and are interpreted to reflect relatively high pore pressure conditions within the PDC deposits.
A second point of discussion relates to the many elongated wave-like structures interpreted to represent shear-induced deformation and mixing of active currents with earlier PDC deposits as the currents aggraded (figs. 10A, 10B, 11C, and 16). These features, only exposed in the summer of 2016 due to recent outcrop erosion, suggest shearing was an active process at the flow boundary during aggradation of the deposits. What can we extract from these features that informs the nature of the current at the flow boundary just prior to and during deposition?
Additional Discussion Points
• What are the processes (transport, erosional, and depositional) that govern PDC dynamics and ultimately affect runout and damage potential?
• What aspects of the total PDC are recorded by the deposits?
• How can we use the nature of substrate deformation and entrainment to investigate physical processes in or characteristics of the lower flow-boundary zone?
• Channelization of flows implies variable rates of deposition and erosion in a transient current. What are the dominant modes of erosion in PDC and local conditions that may favor one mechanism over another?
• How can we use eruptive deposits to constrain conditions that promote erosion by PDCs? Beyond the field, how can laboratory experiments and numerical modeling be combined with field observations to explore the causes and consequences of substrate erosion?
• There are many scales of transient flow in explosive eruption. To what degree do the eruptive deposits record variability at the source (for example, eruptive flux), interaction with large-scale topography, and evolving conditions in the flow-boundary zone?
• How much of the grain-size distribution recorded in the final deposit was modified from initial fragmentation during transport?
• What does the transport of large lithic clasts imply for momentum transfer mechanisms in PDC?
• Does self-channelization of flow promote longer runout distances in PDC or otherwise change mobility?
• What are the forces required to move the large lithic clasts observed in the field? What portion of the flow provides the energy for this transport?
